Introduction
Vestibular evoked myogenic potentials (VEMPs) are short latency electromyographic responses that can be recorded from various muscles during the contraction phase in response to acoustic stimulus. VEMPs recorded from ipsilateral sternocleidomastoid muscle known as "cervical VEMP" (cVEMP) are a clinical demonstration of the vestibulo-collic reflex. cVEMP responses are characterised by biphasic waves with initial positivity (p13) followed by a negative wave (n23). The cVEMP pathway is believed to originate in the saccular macula and continues through the vestibular nerve and nucleus, vestibulospinal tracts, spinal motor nucleus and the sternocleidomastoid muscles 1 . Recently, a myogenic response recorded from contralateral extraocular muscles in response to acoustic stimuli has been reported to be a manifestation of crossed vestibuloocular reflex and named ''ocular VEMP'' (oVEMP). The oVEMP pathway is thought to travel through the medial longitudinal fasciculus, oculomotor nuclei and nerves and extraocular muscles after the activation of the vestibular nerve and nucleus 2 . oVEMP responses are characterised by biphasic waves with an initial negative peak (n1) followed by a positive peak (p1) 1 . The study of otolithic function in both its saccular (cVEMPs) and utricular (oVEMPs) parts represents a milestone similar to that marked by the introduction of the caloric test, as the diagnosis and prognosis of numerous vestibular diseases can be influenced by such findings 3 . Moreover, VEMP recording is a simple and rapid method that is well tolerated by subjects, and easily implementable in a laboratory equipped for recording evoked potentials. For these reasons, the VEMP recording test has become an important diagnostic tool, particularly in evaluation of peripheral vestibular disorders. At present, cVEMP responses have been shown to be particularly useful in assessment of patients with "superior semicircular canal dehiscence" presenting a lower-thannormal threshold for elicitation of the cVEMP response in the affected ear 4 . However, VEMPs are also thought to provide useful information about brainstem functions, as the neural pathway of both VEMPs pass through the brainstem, and several studies have described cVEMP and oVEMP abnormalities in brainstem lesions 5-7 . Undoubtedly, in recent years the popularity of this type of vestibular testing is on the increase, and different reports have been published about the utility of VEMPs in vestibular and otologic pathologies. The aim of this systematic review was to define the advances of the application of VEMPs to three frequent vestibular pathologies, as outlined in the recent literature.
Materials and methods
In April 2017, a computerised MEDLINE search was performed using the PubMed service of the U.S. National Library of Medicine; the following 3 search strings were run: . Overall, the initial search returned a total of 140 results. Abstracts and titles obtained were screened independently by two of the authors (F.M.G. and M.R.), who subsequently met to discuss disagreements on citation inclusion. Inclusion criteria for citations were: • articles reporting sufficient number of patients (> 10 subjects). Exclusion criteria for citations were: • analysis including cohorts of patients affected by others vestibular pathologies; • articles concerning different instrumental methods than cVEMPs or oVEMPs. Of the 140 articles, 36 met initial inclusion criteria according to both authors (FMG and MR), and were thus obtained and reviewed in detail by the same two authors, who met and discussed disagreements on article inclusion. Inclusion criteria for full text articles identified were: • sufficient and accurate description of VEMPs recording system; • sufficient and accurate description of pathologies and clinical features. Exclusion criteria were: • lack of sufficient analysis and presentation of data; • inclusion of patients with probable or not definite diagnosis. A total of 12 studies were excluded because of insufficient data about recording VEMPs (n = 4), lack of sufficient analysis of presented data (n = 6), or patient redundancy (n = 2). An additional manual check was performed on the references included in the articles and two additional studies were identified and confirmed to meet the inclusion criteria. The main information was extracted and analysed for all included studies.
Results
After an initial check, full-text retrieval and manual cross-checking of references included in the articles, a total of 26 studies, including 1181 subjects, clearly met the inclusion criteria and were chosen for analysis ( Figure 1 ). The main characteristics of these selected studies are outlined in Tables I, II and III. Overall, the number of patients in each study included in this analysis varied from 12 to 134. There were 6 studies (including 296 patients) investigating VN, 10 studies (including 378 patients) dedicated to MD and 13 studies (including 507 patients) investigating BPPV. All VN dedicated studies performed cVEMPs, while oVEMPs responses were recorded in only 3 of the studies. Of the 10 MD studies, cVEMPs was performed in 7 and oVEMPs in 3 studies. Of the 13 articles analysing BPPV patients, 8 investigated cVEMPs while only 1 study reported recording oVEMPs. Overall, abnormal VEMPs recording rates for VN ranged from 36.6% to 80% (Table I) . A significant correlation between the presence of VEMPs abnormalities and pathology was reported in 5 of the MD studies; amplitude reduction was the most frequently observed alteration (Table II) . Furthermore, half of the BPPV articles (4/8) found a significant correlation between affected patients and VEMP abnormalities compared to control groups (Table III) .
Vestibular neuritis
The vestibular nerve is composed of the superior vestibular nerve (utricular nerve and superior and lateral ampullary nerves) and the inferior vestibular nerve (saccular nerve and posterior ampullary nerve) 8 . Vestibular neuritis (VN) is a clinical entity defined by an episode of prolonged vertigo associated with unilateral peripheral vestibular hypofunction 9 . It may affect either the entire vestibular nerve or each division of the vestibular nerve separately 10 . In patients who present selective involvement of the superior vestibular nerve (superior VN), the function of the horizontal and anterior canals is impaired, as shown by abnormal calorics and deficient head-impulse tests in the plane of the involved horizontal and anterior canals 11 . In such patients, the utricular afferents that traverse the superior vestibular nerve are likely to have absent or reduced function. However, the function of the inferior division of the vestibular nerve is spared, as shown by normal head-impulse tests during stimulation of the posterior canal and normal cVEMP 12 13 . By contrast, VN selectively affecting the inferior division may show reduced or absent ipsilesional cVEMP in the presence of functioning horizontal and anterior semicircular canals and utricle, as determined by normal calorics and horizontal head-impulse tests 14 . Functional impairment of the entire vestibular nerve (superior and inferior division) and a single superior division involvement in VN are the most common conditions 15 , and selective inferior vestibular nerve damage has recently been described 16 . Some authors have investigated the role of VEMPs recording in improving the diagnostic accuracy for patients affected by VN. Hong et al. 17 studied 134 patients with VN. Overall 49 (36.6%) showed an abnormal cVEMP response. In particular, a prolonged p13 latency was noted in 29 patients, while 25 patients presented a n23 prolonged latency. Increased cVEMP asymmetry was found in 27 patients. The authors speculated that 36.6% of all subjects in their study had lesions in the labyrinth or inferior vestibular nerve. Vinciana et al. 18 analysed 41 patients diagnosed with VN. cVEMPs were performed and resulted abnormal in 21 (51%) of 41 cases, the most common finding was an increase in ipsilateral latencies for p1 and n1 peaks. Further, Nola et al. 19 performed cVEMP recording in a cohort of 20 patients affected by VN. Nine patients, presenting a torsional nystagmus and bilateral normoreflexia after caloric labyrinth stimulation, had no cVEMP response on the affected side (while the response was present on the contralateral side). The authors concluded that these nine patients were affected by inferior VN. The cVEMP examinations were then repeated after 8 days, 1 month and 3 months. After 8 days, seven of the patients diagnosed with inferior branch VN showed an improve-ment of cVEMP values while a complete reappearance of cVEMP after 1 month was noted in all nine patients. The findings of Shin et al. 14 strongly support the hypothesis that oVEMPs response is mediated by the superior vestibular nerve. The authors examined 41 patients with acute VN, and on the basis of clinical findings (appearance of mixed horizontal and torsional nystagmus; impaired horizontal SCC function on head-impulse test and caloric paresis > 25%; normal cVEMP and normal headimpulse test for posterior SCC) 30 subjects affected by neuritis of the superior vestibular nerve were identified. Interestingly, all these patients presented normal cVEMP responses in the affected ear, indicating that the saccular otolithic receptors and their afferents, in the inferior vestibular nerve, were completely functional. In contrast, all 30 patients had an asymmetric oVEMP response with the p10 component either absent, markedly reduced or delayed, beneath the eye opposite to the affected ear. In a recent study, Magliulo et al. 3 prospectively evaluated 40 patients affected by VN employing both cVEMPs and oVEMPs. Thirty-two of the 40 patients showed absent or abnormal oVEMPs at the first control, while only 19 of the 40 patients showed absent or abnormal values of cVEMPs. With the aid of the video head impulse test (vHIT) the authors were able to classify the various pathological findings with regards to the location of vestibular damage and number of vestibular organs involved. The superior vestibular nerve VN (30%), followed by the total VN (25%), were the most frequently involved entities. 
Ménière's disease (MD)
Ménière's disease (MD) is characterised by fluctuating hearing loss, tinnitus, aural fullness and episodic vertigo 21 22 . The histopathological correlate, endolymphatic hydrops, is observed most frequently in the cochlea and the saccule, followed by the utricle and the semi-circular canals [23] [24] [25] . The diagnosis of MD relies upon clinical presentation and pure tone audiometry, which in the early stages of the disease shows low frequency hearing loss in a "rising configuration" that later progresses to a flat hearing loss of moderate severity [26] [27] [28] [29] . Current standard vestibular testing consists of caloric stimulation of both ears using nystagmography to evaluate the ear's functionality. However, this test highlights disturbances in only 1 (the horizontal canal) of the 3 semicircular canals. Moreover, in patients with MD, the calorigram can show variable responses, and in many cases, test results are normal 30 . Initial reports using a standard fixed acoustic stimulus showed that a significant number (35%-54%) of patients with MD did not have cVEMPs present [31] [32] [33] , so that authors began to compare VEMPs values in patients affected by MD with those recorded in normal ears. Akkuzu et al. 34 found 10 (50%) abnormal cVEMP responses in 20 patients with MD. In particular, there were 4 ears with no response while six ears presented a prolonged latency at p13. Among 29 subjects diagnosed with MD, Hong et al. 15 observed an abnormality of cVEMP in 20 (69%) of them. In particular, increased cVEMP asymmetry was noted in 14 (70%) patients followed by a prolonged p13 latency (9 patients, 45%). Egami et al. 35 measuring cVEMP in 144 patients affected by MD and found abnormal values in 57 (50%) of them. It must be noted that among the same patients only 43 (37.7%) showed no or decreased caloric responses on the affected side. Kingma et al. 36 measured cVEMP in 22 patients affected by MD. On average, significantly lower VEMP amplitudes were measured at the side of the affected ear for both stimulus frequencies (250 and 500 Hz). Winters et al. 37 evaluated the changes of the oVEMP in a group of 37 patients with MD. The data showed that the oVEMP response rates in ears of patients with MD were dramatically lower (54% at 120 dB SPL; 29% at 115 dB SPL) than in normal subjects (98.2% at 120 dB SPL). Taylor et al. 38 investigated the prevalence of cVEMP and oVEMP on 60 patients with MD reporting 50% of abnormality for oVEMP and 40% of abnormality for cVEMP responses. Some authors 39 40 reported a shift in dominant frequency away from the typical 500 to 1000 Hz for VEMPs recorded in patients with MD. On the basis of these observations, Sandhu et al. 41 confirmed the presence of this shift in dominant frequency for both cVEMP and oVEMP in patients with MD. Interestingly, the authors were able to evoke myogenic potentials in all ears tested: in healthy volunteers, the acoustic stimulus frequency at which the response amplitudes were largest was 500 Hz, while in subjects affected by MD this value shifted to higher frequencies. Similar results were observed by Kim-Lee et al. 42 who analysed the cVEMP responses in a group of 24 subjects with MD. Overall, cVEMP were present in 83% of affected ears, but were most reliably elicited at a tone burst stimulation frequency of 1,000 Hz. Moreover, the frequency peak amplitude ratios (FPA) in the MD group were significantly elevated compared with those of the control group. The authors concluded that FPA is elevated in MD and thus may represent a useful diagnostic criterion in the diagnosis of this pathology. Another interesting study was published by Katayama et al. 43 who investigated the relationship between the presence of endolymphatic hydrops and cVEMP in patients with MD. Intratympanic injection with gadolinium diluted with saline was performed in 49 affected ears and after one day, 3 Tesla MRI and cVEMP were performed. Overall, cVEMP was present in 21 ears and absent in 28 ears. Endolymphatic hydrops was significantly associated with the absence of cVEMP.
Benign paroxysmal positional vertigo (BPPV)
Benign paroxysmal positional vertigo (BPPV) is the most common disorder of the peripheral vestibular system and characterised by episodes of vertigo associated with head movements 44 45 . Although BPPV generally responds well to treatment, there is a significant rate of recurrence after the initial resolution 46 . The recurrence rates during a 1-year follow-up period have been reported to range from 10% to 18% 47 48 . In explaining the pathophysiology of BPPV, the concept of a degenerative process that affects the macula of the utricle causing detachment of otoliths has gained popular support 49 . However, in 30 affected ears with BPPV Akkuzu et al. 34 found 9 (30%) ears showing abnormal cVEMP values. This finding suggested that the degenerative process involved in BPPV might also affect the macula of the saccule. Similarly, Boleas-Aguirre et al. 50 analysed 19 patients diagnosed with BPPV of the posterior semi-circular canal. The authors found a lack of cVEMP response in 52% of the affected ears. When adjusted for bilateral absence, cVEMP response was absent in 20.3% of ears. The authors concluded that some patients with BPPV show a certain degree of saccular dysfunction. Among 62 subjects diagnosed with BPPV, Hong et al. 15 reported an abnormality of cVEMP in 16 (25.8%) of them. Yang et al. 51 investigated the clinical significance of cVEMP in a group of 41 patients affected by BPPV in comparison to 92 healthy volunteers. Overall, 11 (27%) patients in the BPPV group showed no response in VEMPs in the affected ear. Moreover, VEMPs showed prolonged p13 and n23 latencies in BPPV subjects compared with those of the control group. Korres et al. 52 analysed 27 BPPV patients and noted that the percentage of abnormal cVEMP in the BPPV population was significantly higher than in the ears of control group. Lee et al. 53 investigated the usefulness of VEMP in patients presenting recurrent BPPV and reported interesting results. The authors analysed 16 subjects presenting recurrent BPPV and 20 patients with non-recurrent BPPV by cVEMP and oVEMP. Among the group of patients with recurrent BPPV, abnormal cVEMP responses were detected in 5 (31.3%) subjects, while abnormal oVEMP responses resulted in 4 (25%) subjects. Between the 20 patients with non-recurrent BPPV, only 3 (15%) subjects overall showed abnormal cVEMP or abnormal oVEMP. Yetiser et al. 54 recently analysed a cohort of 102 patients affected by BPPV and reported similar findings. In total, 24 (23.5%) patients presented a gross cVEMP abnormality (absence of VEMP in 6 and greater than 25% depression of the amplitude in 18). Abnormality of VEMPs was not correlated with age, severity of nystagmus or the site of canal involvement, but was significantly correlated with persistence or recurrence of symptoms. Finally, Longo et al. 55 , in their prospective study of 23 patients affected by BPPV and 24 healthy volunteers, found that the cVEMP among BPPV patients were altered in 14 ears (30.4%) and absent in 5 (10.9%) affected ears and in 2 (4.3%) non-affected ears. This value was significantly higher than the comparative control groups.
Conclusions
Although official standard measurement parameters of normality must still be defined for VEMPs, it seems clear that this instrument will represent a novel and important vestibular examination for VP, MD and BPPV. In VN, VEMPs (cVEMP together with oVEMP) may represent a useful tool in improving topographic diagnosis, offering key information about prognosis and therapy. In MD, both cVEMP and oVEMP showed better sensitivity and specificity compared with the caloric test, but a wide variety of described alterations in VEMPs recordings among the studies analysed were noted, with amplitude reduction representing the most frequent finding. For this reason, additional studies are needed to accurately identify specific anomalies in VEMPs recording associated with MD. In VPPB, VEMPs may also be important in predicting pathological recurrences.
